Time-concentration an alternative tool to Time-temperature superposition. 
1. Introduction 1.1. Background of study
Introduction to bitumen fluxing
It is widely accepted that bitumens are miscible with each other to form homogeneous blends in all proportions, though care must be exercised when blending a penetration grade bitumen with a blown oxidised bitumen. Bitumens can also be blended with a wide variety of crude oil-based fractions depending on the application. Volatile light fractions (e.g. white spirit) are used when rapid curing is required; less volatile fractions (e.g. kerosene) are used for longer drying times as for cutback bitumens [15] .
Bitumen preparations where the viscosity of the binder has been reduced by the addition of relatively non-volatile oils are referred to as fluxed bitumens. The added oil is known as a fluxing agent or fluxant that is typically gas oil, vegetable based oils [5, 10] , or methyl esters of fatty acids [13, 16] .
When designing reclaimed asphalt pavement (RAP) mixes, it is popular to utilize bitumen blending charts similar to that shown in Fig. 1 , [2, 24] . The viscosity of the aged bitumen in the RAP is plotted on the left hand vertical scale (Point A). A vertical line reprehttps://doi.org/10.1016/j.conbuildmat.2017. 10 .020 0950-0618/Ó 2017 Elsevier Ltd. All rights reserved.
senting the percentage of new bitumen required (R) is drawn and its intersection (Point B) with the horizontal line representing the target viscosity is determined. A straight line from Point A, through Point B is next extended to intersect the right hand scale. Point C is the viscosity of the new bitumen (and/or recycling agent) required to blend with the bitumen in the RAP to obtain the target viscosity in the blend. Note that the y axis in Fig. 1 is a double log scale (Walther function), thus resulting in an accuracy level which may be described as ''approximate". More recent work on rejuvenating RAP using bio-materials can also be found in [7] .
There is abundant evidence and theoretical justification in the polymer science literature highlighting the fact that when a polymer is diluted (fluxed) with a solvent with which it forms a true solution, the viscosity of the blend is reduced [12] . The primary objective of this paper is to simply demonstrate the feasibility of transferring both the theoretical arguments and interpretation techniques from fluxing polymers across to the bitumen field. In the following sections the theoretical background and justification is first introduced followed by a limited experimental proof of concept utilizing a single type of bitumen fluxed with one type of vegetable oil.
Models for blended binders
A number of relationships exist for estimating the penetration and softening point of a bitumen blend. As an example, the Shell Bitumen Handbook recommends the following two formulae [15] :
where: P = penetration of the final blend, P a = penetration of component 'a', P It is interesting to note that Eq. (1) is likely derived from early work conducted by Arrhenius to predict the steady state viscosity (g 0 ) of ideal binary mixtures of mineral oils [8] :
where: g 1 and g 2 = the viscosities of the component oils, V 1 and V 2 = volumes of the oils making up the blend, V = volume of the blend.
Another method worthy of mentioning is the Refutas viscosity blending function which was developed to predict blend viscosities of all petroleum components from gasoline to vacuum residue [6] . In this method a Viscosity Blending Index (VBI) of each component is first calculated and then used to determine the VBI of the liquid mixture as shown below.
where: v i = kinematic viscosity in centistokes (cSt). It is important that the kinematic viscosity of each component of the blend be obtained at the same temperature. The VBI of the liquid mixture is then calculated as follows:
where: x i = the mass fraction of component ''i" of the blend; N = the number of components. The kinematic viscosity of the mixture can then be estimated using the viscosity blending number of the mixture using the equation below. 
where: X = proportion of recycling agent by total weight in the blend.
Background to the free volume model and the WLF equation
The free volume model is based on the assumption that the mechanical response of a viscoelastic polymer is dependent on the ability of its molecular chains to accommodate applied deformations. Free volume may be visualized as the volume that is not occupied by the molecular chains in a material that can be considered an indicator of molecular segmental mobility, where greater free volume provides the extra mobility needed to accommodate applied deformations rapidly [19] .
According to the free volume theory, the glass transition temperature (T g ) represents the temperature that polymers have a certain universal free volume which controls the molecular mobility. In polymer science, T g is also described as the point, or narrow region, on the temperature scale where the thermal expansion coefficient undergoes a discontinuity and below which the configurational rearrangements of polymer chain backbones are extremely slow [12] . The internal mobility of the system (expressed as viscosity) can be related to the fractional free volume empirically by the Doolittle viscosity Eq. (8) . Eq. (8) then provides the starting point to derive the William-Landel-Ferry (WLF) equation from the free volume theory [14] . where: g = viscosity, A and B are constants, and f is the fractional free volume. Doolittle defined a temperature shift factor (a T ) relating the free volume of a material at the current and reference states through the expression:
where: f = fractional free volume at temperature T, and f r = the fractional free volume at the reference temperature T r . The fractional free volume at temperature T can be expressed as:
where: a f = the coefficient of expansion of the fractional free volume. Insertion of Eq. (10) into Eq. (9) gives:
The following expression can be obtained by taking the logarithm of Eq. (11) [14] :
The WLF equation, expressed in general terms has the following form:
where: a T = g T /g Tr = s T /s Tr , (g represents the viscosity and s represents a characteristic segmental relaxation time at temperatures T and T r , C 1 and C 2 are constants). When the reference temperature T r is set equal to the glass transition temperature (T g ), C 1 and C 2 have been found to be almost universal constants for a wide range of polymers (C 1 = À17.44 and C 2 = 51.6 K). The WLF can equally be rewritten in natural log terms:
The WLF can also be rearranged to obtain the universal constants C 1 and C 2 from a linear graphical plot as follows:
Introducing the generalized shift factor
The free volume change of viscoelastic polymers has been typically associated with thermal changes and resulted in the timetemperature trade-off during material characterization. However, this change in free volume can also arise from solvent absorption and/or from mechanical stress as studied through the influence of pressure on the glass transition temperature [9] .
It has thus been argued that temperature, solvent (or plasticizer or flux) concentration and mechanical dilation all influence the time scale, and hence the fractional free volume, of the material in a similar manner. The fractional free volume can be expressed as [19] :
Where; f 0 = the fractional free volume at an arbitrary reference temperature T 0 , a(t) and c(t) are the volume coefficients of thermal and solvent expansion respectively. In general, a(t) and c(t) are functions of temperature (T), solvent concentration (c), the creep compliance M(t) is a function of mechanical dilation h(t), r kk is the first stress invariant, and A, B, C are constants to be determined.
For small changes in variables below the glass transition temperature of the polymer and the boiling point of the penetrant, it may be assumed that a(t), c(t) and M(t) are constants with respect to time. Under such conditions, Eq. (16) can be reduced to [19] :
where: h = e kk the first strain invariant, and d is a material constant.
Hence the shift factor a(T,c,h) can be expressed as a function of temperature (T), solvent concentration (c) and mechanical dilation (h). Substituting Eq. (17) into Eq. (9) gives the nonlinear shift factor [19] :
For negligible solvent concentrations and dilation, Eq. (18) reduces to the WLF Eqs. (13) or (14) .
There is also a correction that may be applied in the vertical direction (i.e. parallel to the y axis) along with the shift in the x axis. The temperature-dependent, vertical shift factor b T is usually defined as the ratio of stress determined at temperature T to a ''reduced stress" that is the value at a ''reference temperature" T 0 . The assumption that stress magnitudes, e.g. G(t), G'(x) and G''(x), are proportional to the product of the density and temperature implies that the vertical shift factor b T (T) has the following form [21] :
This vertical correction is invalid for the glassy state and can only be made for the rubbery state (above T g ). The value of b T is normally close to unity as the dependence of sample density on temperature is relatively small.
Justifying the use of concentration shift factor a c
In this section we will ignore the effects of temperature and mechanical dilation and focus on the influence of adding a nonvolatile solvent (or flux or plasticizer) to our binder at constant temperature and assuming no dilation effects.
A generalized Doolittle relation can thus be applied to the concentration shift factor (ac) as follows [21] .
It is worth noting that Eq. (20) is comparable to Eq. (9).
where: f = fraction of free volume of the plasticized binder, f r = fraction of free volume of the pure binder. The parameter D is assumed to be independent of molar mass, temperature and concentration. The parameter f is defined below (comparable to Eq. (10))
where: w 1 = the weight fraction of the additive, b = the pertinent parameter relating free volume to weight fraction of additive. The parameter b is in essence a measure of the molar plasticizing activity of an additive. Further manipulation of the Eqs. (20) and (21) yields the following equation [21] .
Eq. (22) is essentially comparable to Eq. (14), where a T is equivalent to a c , (T r -T) is equivalent to w 1 , C 1 is equivalent to C 11 and C 2 is equivalent to C 22 . Eq. (22) can also be rearranged and expressed in a similar manner to Eq. (15) as follows:
Materials and testing methods
In this investigation, a sample of Shell 40/60 penetration grade bitumen pen. = 56 dmm, S.P. = 50.4°C Kuwaiti crude was blended with vegetable oil to produce a range of bitumen/oil blends. Groundnut also known as Peanut cooking oil, readily available from most supermarkets in the UK, was arbitrarily selected and used in this investigation. Typical groundnut oil characteristics based on extensive literature by [23] and [17] are as follows: Fatty Acid content = 0.05%, Iodine Value = 95.23 (g of I 2 /100 g of oil), Peroxide value = 6.82 (meg/kg oil), and Anisidine value = 5.22. Typical fatty acid distribution is as follows: Saturated fatty acid (mainly Palmitic and Stearic acid) = 22.5%, Mono-unsaturated fatty acid (primarily Oleic acid) = 50.1%, Poly-unsaturated acid (primarily Linolenic acid) = 27.4%.
In the first part of the investigation, bitumen/oil blends were produced one blend at a time. The production sequence started by heating the 40/60 penetration grade to a temperature of 160°C in an oven, transferring the bitumen tin on to a hot plate, and adding the required amount of preheated vegetable oil whilst continuously stirring each blend manually for 10 min using a kitchen whisker. To minimize the extent of vegetable oil oxidation, for each blend, approximately 0.5 L of oil was placed in a capped small glass bottle in a preheated oven set at 160°C for 30 min and a fresh sample of oil was used for each blend. Six samples of bitumen/oil blends were produced at 0, 2, 4, 6, 8 and 10% oil contents by mass. As expected, the vegetable oil blended readily with the bitumen and there was a noticeable increase in fluidity/workability as the oil content was increased.
The 40/60 penetration grade and the various blends were also subjected consecutively to the rolling thin film oven test (RTFOT) [3] and pressure ageing vessel (PAV at 110°C) [4] laboratory ageing protocols. For every blend at each ageing condition, i.e. Virgin, RTFOT, RTFOR + PAV, dynamic shear rheometer (DSR) test samples were cast into (8 mm and 25 mm diameter) silicon moulds (3 samples each size).
Oscillatory tests were undertaken by means of a Malvern Kinexus model DSR in strain control mode of loading using parallel plate geometry in accordance with [1] . The temperature range from 0 to 40°C (in steps of 5°C) was investigated using an 8 mm diameter plate (2 mm gap), whilst the range from 45 to 75°C (in steps of 5°C) was investigated using a 25 mm diameter plate (1 mm gap). Strain sweeps were initially conducted (results not shown in this paper) to establish the linear viscoelastic limits for base bitumen at the various test temperatures. Subsequently, at each test temperature, a frequency sweep was conducted (0.1-10 Hz) at a strain amplitude of 0.5%, well within the linear viscoelastic limit of the hardest sample tested in this investigation. ). Also presented is the master curve obtained by shifting the individual iso-thermal curves across the frequency axis, using the time-temperature superposition (TTS) principle, to a reference temperature T r of 25°C. The combined G ⁄ master curve thus extends over a much wider frequency range. TTS analysis and the generation of shift factors was carried out on the raw DSR data with the aid of proprietary software (rSpace TM ) pre-installed by Malvern on the Kinexus DSR. In essence the software carries out non-linear regression analysis on the rheological data. A thorough explanation of the background and comparison of various procedures for TTS, shift factors and the production of master curves can be found in Chapter 11 of [12] and [25] .
Results and discussion
The same TTS procedure was repeated for each bitumen/oil blend and the results of the G ⁄ master curves (at a reference temperature of 25°C) are shown in Fig. 3 . All the G ⁄ master curves show the characteristic 45°asymptote at low frequencies (high temperatures), and they all tend in a smooth transition towards a common limiting stiffness value (glassy G ⁄ ) at the upper end of the frequency (lower temperature) spectrum.
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
1.E+06
1.E+07 curve (all at 25°C), and the two curves in Fig. 5 are almost inseparable. In Fig. 6 , the relationship between G ⁄ and d over the entire temperature and frequency range are presented in the form of Black diagram curves for two binder types, i.e. the base 40/60pen bitumen and the 6% oil-bitumen blend. The advantage of plotting Black diagrams is that for each binder type, the raw G ⁄ and d data at all test temperatures can be simply visualized in their original (unshifted) form. Simple visual observation shows that the 6% oil blend (un-shifted frequency sweep data) superimposes on the thermo-rheologically simple 40/60pen base bitumen curve with a reasonably good fit. Identical behaviour was observed for the 2% and 4% oil blends. Beyond 6% oil addition, the assumption of rheogical ''simplicity" appears to become gradually less credible. The example shown in Fig. 7 is a Black diagram showing the 10% oil blend superimposed onto the 40/60 pen base bitumen curve. It is clear in Fig. 7 that the compatibility or peptizing ability of the vegetable oil in the bitumen becomes more questionable beyond 6%. Utilizing black diagrams is a very effective technique to ensure compatibility (absence of phase separation) of the various blend components. Relying on the goodness of fit of superimposed (shifted) G ⁄ curves, as shown earlier in Fig. 5 as an example, would not have revealed the lack of compatibility issue at 10% oil content. The potential for superimposing Black diagrams of various binders was also assessed using RTOFT + PAV conditioned samples. Fig. 8 presents the Black diagrams for the 40/60pen virgin, 40/60pen aged and 6% oil-bitumen blend/aged binders. As expected, aged binders had lower phase angle values (to the left side) of the unaged 40/60pen. Simple visual observation of the goodness of fit of the superimposed 6% oil-bitumen aged blend onto the aged 40/60pen shown in Fig. 8 was not as good as was the case for the virgin binders (Fig. 6 ). This can be attributed to the fact that due to the completely different chemical composition, vegetable oils age at a different rate compared to petroleum derived bituminous binders. The triacylglycerol structure, which forms the backbone of most vegetable oils are associated with different fatty acid chains. The presence of unsaturation in the triacylglycerol molecule e.g. due to C@C from oleic, linoleic, and linolenic acid moieties, functions as the active sites for various oxidation reactions [11, 16] 1.E+01
1.E+02 that the goodness of fit of the Black diagrams of the aged binders deteriorates rapidly above 6% oil content. Fig. 9 presents the time-temperature shift (TTS) factors (a T ) for each of the base bitumen and the five unaged blends investigated. The a T values shown indicate the amount of horizontal shifting (across the frequency axis) that must be applied to each binder type at each test temperature to generate master curves at 25°C. It is interesting to note that overall, the amount of shifting required at any one temperature reduces progressively as the oil content increases (softer binder).
Each line in Fig. 10 is a graphical presentation of the WLF Eq. (15) for a particular binder at the reference temperature T r of 25°C
. The slope of each line is equivalent to (À1/C 1 ) and the intercept with the y axis at (T-T r = 0) represents the constant (ÀC 2 /C 1 ). The values of the constants C 1 and C 2 for each binder blend is presented in Table 1 . Using these constants, for each binder type, it would be possible to determine the amount of horizontal shift (a T ), across the frequency axis, required for a set of G ⁄ data acquired at any test temperature (T) to form a master curve of that binder at the reference temperature (T r ) of 25°C. Next, using the concept of time-concentration superposition, for each flux content, it is possible to shift horizontally each of the sets of G ⁄ data measured at any test temperature, so that all sets individually superimpose on to the master curve of the 40/60pen base bitumen at 25°C. An example of the 10% oil raw data and the concentration-shifted data is shown in Fig. 11 . Using the analogy of polymer dilution with a solvent, the following corresponding explanations may be proposed regarding the physical effects of fluxing on bitumens. When a polymer is 1.E-04
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40/60pen +2% oil +4% oil +6% oil +8% oil +10% oil diluted with a solvent of low molecular weight, with which it forms a true solution in the sense that the solvent is molecularly dispersed, the local (monomeric) friction coefficient (i.e. the resistance encountered by a sub-molecule junction moving through its surroundings) is usually sharply reduced. Each polymeric chain unit has in its vicinity diluent molecules as well as other polymeric segments, and the former can be displaced in translatory motion much more easily, thus lowering the effective local viscosity. With increasing proportion of diluent, the monomeric friction coefficient is normally diminished, as evidenced by displacement of logarithmic plots of viscoelastic functions in the transition zone to higher frequencies or shorter times with relatively little change in shape, which agrees with the limited experimental data presented in this investigation, [12, 20] . Moreover, the addition of a diluent of low molecular weight depresses T g sharply and this depression can be attributed to the introduction of additional free volume with the diluent, as would be expected if the fractional free volume of the diluent exceeds that of the polymer and the free volumes are additive. With increasing dilution of polymers, the temperature dependence of relaxation times referred to a fixed reference temperature T r becomes less pronounced as T g is depressed more and more below T r and c 2 increases whiles c 1 decreases. Furthermore, plasticizing effectiveness increases rapidly as the temperature is lowered and T g is approached causing large changes in shift factor a c [12] .
The results in Table 1 do not show a clear trend of C 1 or C 2 values increasing or otherwise with amount of fluxing, though it must be reiterated that these results are based on one bitumen grade in combination with one oil type and more work is needed. Fig. 12 shows a plot of ''ratio of added flux to the log of concentration shift factor (a c )" versus the ''proportion of added flux by mass". Each line in Fig. 12 represents a solution of Eq. (23) (which is comparable to the WLF Eq. (15)) at a specific temperature. For the sake of clarity, only the results of 25, 30, 35, 40, 45, 50, 55°C are shown.
As an example, the second line from the top in Fig. 12 , shows the amount of shifting that has to be performed across the frequency axis for a range of oil flux contents (all tested at 30°C), to bring back their individual 30°C G ⁄ values to the values equivalent to the G ⁄ of the base 40/60pen bitumen at the reference temperature of at 25°C. Similarly, the third line represents the amount of shifting that needs to be carried out, if the fluxed binders are all at 35°C, so that the G ⁄ values are equivalent to the 40/60pen master curve at 25°C, etc. Interestingly, the lines in Fig. 12 do not represent linear relationships and hence do not allow the direct use of Eq. (23) (by extrapolation to w = 0) for deriving the C 11 and C 22 constants. One possible solution would be to plot the data on a log-log scale as shown in Fig. 13 , which would ''straighten" the curves. Fig. 13 is one potential solution, though the use of log-log scales to artificially produce linear graphical relationships introduces a degree of inaccuracy in the procedure. There are likely to be better mathematical treatments of shift factors than the WLF equation, for example a modified form of the Kaelble shift equation [18] , may allow direct use of the data shown in Fig. 12 without having to resort to double log scales, which is beyond the scope of this simplified conceptual paper. Now going back to the original objective, which is simply attempting to link temperature shift to concentration shift. As long as the TTS relationships (Eq. (15)) are available for a particular bin- der grade, and that concentration shift data (a c ) can be produced accurately for a range of flux concentrations and a range of test temperatures, it should be possible to use the raw data directly to produce simple concentration shift charts. The solid horizontal ''red" line represents an example of a temperature shift factor (a T = 0.0065) for the 40/60pen to a temperature T = 50°C from a reference temperature T r = 25°C. By equating a T to a c , we can read off from the intercept of the horizontal line with each a c curve, the amount of flux and the test temperature that would be equal to a temperature rise of 25°C (i.e. from 25 to 50°C). In this example, a temperature rise of 25°C can thus be simulated by any of the following combinations: (a) adding 2% oil to the 40/60pen and testing at 46°C; (b) adding 4% oil and testing at 43°C; (c) adding 6% oil and testing at 39°C; (d) adding 8% oil and testing at 35°C; (e) adding 10% oil and testing at 31°C.
An alternative way of looking at the usefulness of this chart is to fix the required test temperature to a predetermined value. For example, the vertical ''blue" line shown in Fig. 14 represents the reference temperature 25°C. At 25°C, the a T value for the 40/60pen bitumen would be simply equal to 1. Now if we once again make a T = a c , then by adding flux to the 40/60pen, the effect becomes equivalent to increasing the test temperature. Thus, adding 2, 4, 6, 8 and 10% flux to the 40/60pen is equivalent to a c values of 0.4, 0.2, 0.1, 0.05 and 0.02 respectively. Accepting the argument that a c = a T , the constants C 1 and C 2 for the 40/60pen from Table 1 can be input into Eq. (13) , and the aforementioned a c values become equivalent to the following temperature increments: 2.9°C , 7.0°C, 10.3°C, 13.6°C, 18.5°C respectively. As a further example, referring to Fig. 14 , if one wishes to rheologically characterize the LVE properties of a 40/60pen (or an asphalt mix composed of the same binder) at a test temperature of (25°C + 7°C), one has the option of raising and maintaining the sample temperature at 32°C, or alternatively blending 4% vegetable oil flux with the bitumen whilst maintaining the sample at the reference temperature of 25°C.
In theory, once an accurate blending chart is established linking a c to a T for a particular compatible bitumen/flux system, high temperature testing can be all carried out at the same reference temperature. So for example, by fluxing the bitumen with predetermined quantities of vegetable oil, it would be possible to rapidly conduct any number of dynamic modulus tests ''representing" any elevated temperature (e.g. 40, 45, 50, 55°C, etc.) by simply conditioning all test specimens at a constant reference temperature (e.g. 25°C). The savings in time during lengthy temperature conditioning phase for each test sample (especially if one is conducting tests at many temperatures), and the number of environmental conditioning cabinets (set at different temperatures) would be substantial. With the aid of accurate fluxing, all that would be required is the ability to condition and maintain all test samples to a single reference test temperature.
Besides the intended reduction in viscosity following fluxing, and as alluded to earlier, as long as all other rheological characteristics of the base bitumen are maintained (by fluxing only up to a predetermined limit whilst employing a compatible flux), further wider practical implications of fluxing may be envisaged. A hot mix asphalt producer may thus employ fluxing as a means of producing a range of softer grade bitumens, independently, instantaneously and whenever required, using a single source of hard bitumen. It would be easy to design an accurate fluxing/metering unit to be located immediately prior to introducing the binder to the hot aggregate mix, thus the contractor would only need a single grade of hard base bitumen and potentially a single hot bitumen storage tank, with potential for cost savings.
Conclusions
In summary, this paper proposes and attempts to theoretically justify a workable procedure in which time-temperature superposition as applied to penetration grade bitumen dynamic shear rheological (DSR) measurements, may be effectively replaced by timeconcentration superposition. The limited laboratory investigation has demonstrated that it is possible to blend a small predetermined quantity of a non-volatile vegetable oil flux with a rheologicaly simple penetration grade base bitumen, thus affecting the rheological properties of the base bitumen to an extent equivalent to that obtained when the base bitumen temperature is increased from a reference test temperature by a fixed and quantifiable amount.
To achieve the aforementioned, the methodological steps proposed include; rheological characterization (preferably by using a DSR) of the base bitumen to produce a master curve at any selected reference temperature with the accompanying time-temperature shift factors. In the next stage, rheological data for the blending charts can be easily produced in the laboratory relating the reduction in any dynamic rheological property (complex viscosity, complex modulus, etc.) of the base bitumen to the quantity of added flux. In the final stage, by equating the time-temperature shift factors to the time-concentration shift factors, a direct correlation between temperature rise and added flux content can be achieved.
Thus at any selected reference temperature, by determining and blending an exact quantity of flux with the base bitumen, the resultant blend having reduced complex viscosity (or complex shear modulus) would accurately simulate the rheological characteristics of the base bitumen at a pre-determined higher test temperature.
The benefit of the proposed technique becomes particularly relevant when one wishes to conduct multiple LVE rheological tests (on bitumen or asphalt samples) representing a number of elevated temperatures, whilst maintaining all samples at a single reference actual test temperature. Thus the requirement for increasing the actual test temperature to simulate higher environmental temperature conditions becomes unnecessary. All that is required is a single test temperature to cover all intermediate or high temperature scenarios.
Caution must be exercised when fluxing bitumens as there is a tight limit to the amount of flux that may be added, and further- more compatibility between the two components must be ensured. The use of Black diagram (complex modulus vs. phase angle) plots was shown to be a useful tool to assist in identifying flux proportions when blend compatibility becomes suspect. Using the proposed methodology hot mix asphalt producers may be capable of economically producing a range of softer bitumen grades according to their needs with the aid of an accurate flux dosing mechanism and by utilizing a single harder grade base bitumen.
It must be emphasised that the hypothesis, results and analysis presented in this investigation were based on a single sample of penetration grade bitumen fluxed with a single type of vegetable oil. Further laboratory testing must be carried out on a wider range of penetration grade bitumens of different viscosities and chemistries. Extending the concept to polymer modified bitumens is beyond the scope of this investigation.
